Urothelial carcinomas (TCC) constitute the vast majority of bladder cancers in most of the world. On the other hand, squamous cell bladder carcinoma, a rare subtype in the Western world, is a common subtype in areas with endemic Schistosoma infection. Although schistosomal infection has been reported to influence DNA methylation, the pattern and extent of CpG island hypermethylation in squamous cell carcinomas remain unknown. In this study, we used methylation-specific PCR to characterize 12 cancer-related genes in 41 bladder cancer samples from Egypt (31 squamous cell carcinomas (SCC), 21 of them associated with Schistosoma and 10 TCC, five of which were Schistosoma-associated). The genes analyzed included E-cadherin, DAP-Kinase, O 6 MGMT, p14, p15, p16, FHIT, APC, RASSF1A, GSTP1, RARb and p73. Methylation of at least one gene was detected in all squamous cell tumors except two, and 45% of samples had at least three methylated genes. The average methylation index was 0.24, corresponding to three of the 12 analyzed genes. Schistosoma-associated tumors had more genes methylated than non-Schistosoma tumors (average MI: 0.29 vs 0.14) (P ¼ 0.027). Although the extent of methylation in TCC (average MI: 0.16) was lower than in squamous cell carcinomas (SCC), the overall profile of methylation was similar, with Schistosoma-associated cases having a higher methylation index. Our results suggest that schistosomal involvement associates with a greater degree of epigenetic changes in the bladder epithelium.
Schistosomiasis is prevalent in several geographic regions, including Egypt, sub-Saharan Africa and the Middle East. 1, 2 Epidemiological data support a positive correlation between schistosomal infection and the risk to develop specific malignancies such as liver and bladder carcinomas and other tumors of the genitourinary tract. [3] [4] [5] Schistosoma-associated bladder cancers pose an enormous socioeconomic burden in these countries, representing the most common malignancy. For example, one-third of all cancers in Egypt are bladder cancers. 6 In contrast, in the US and Europe, where schistosomal infection is uncommon, bladder cancer ranks as the fifth most frequent malignancy. In addition to differences in incidence, other clinical differences also exist. Bladder cancers from non-schistosomal populations are mostly urothelial carcinomas (transitional cell carcinomas (TCC)), whereas those from schistosomal areas include a significant fraction of squamous cell carcinomas (SCC). 7 There is a pronounced male preponderance with a peak incidence at 50 years of age, 2 considerably lower than the median age at diagnosis in Euro-American population.
The mechanisms whereby urinary Schistosomasis induces bladder cancer are incompletely understood. Both chemical and physical carcinogenic pathways have been implicated and it has been suggested that chronic mechanical irritation by calcified eggs deposited in the bladder epithelium invokes changes in the urinary tract epithelia. 8 Elevated levels of carcinogenic compounds, such as the N-nitroso compounds have also been hypothesized to influence the transformation of the uroepithelium. 9 Over the past few years, information about the molecular pathogenesis of sporadic bladder cancers has begun to emerge, including extensive cytogenetic and molecular genetic analysis. [10] [11] [12] [13] Some comparative studies on Schistosoma-and nonSchistosoma-associated bladder cancers have also suggested different pathogenetic mechanisms. Primarily, differences in deletions and amplifications at specific loci between Schistosoma-and nonSchistosoma associated carcinomas suggest that loss at 3p and 5q are more frequent in former group. Previous data have also implicated deletions at 9p to be frequent in some bladder carcinomas. Differences in gene expression and p53 mutations appear to exist between endemic and sporadic forms. [14] [15] [16] [17] [18] [19] The normal epigenetic equilibrium is dramatically altered in tumor cells where global hypomethylation of the genome occurs simultaneously with hypermethylation of CpG islands affecting critical genes such as tumor suppressor genes. 20, 21 Silencing of several tumor suppressor genes by promoter hypermethylation has been reported in non-schistosomal TCC of the bladder. 22, 23 It is not clear yet what causes these different patterns of methylation but it is likely that some selective growth advantages are gained during transformation. 24, 25 Several candidate genes that are silenced by methylation localize to regions that are often deleted in cancer. This observation raises the possibility of a deletion in one allele and inactivation of the other one by hypermethylation. At present, there is no information available on the extent, pattern and concurrency of methylation of these candidate genes in SCC.
There is growing evidence that genomic DNA of schistosomal-infected hosts undergoes promutagenic methylation damage. 26 In this report, we have investigated our hypothesis that the presence of the parasite can influence the methylator phenotype of bladder cancers. We chose 12 cancer-related genes that have been previously assessed in TCC and that can have a potential in understanding etiological differences in the pathogenesis of Schistosoma-and non-Schistosoma bladder carcinomas. The results of this study can also contribute in identifying candidate genes useful for noninvasive assessment of endemic disease by urine testing in the future. 27 
Materials and methods
DNA from 41 bladder cancers from Egypt was available from previous studies 14, 18 including 31 SCC (21 Schistosoma-and 10 non-Schistosoma associated) and 10 TCCs (five associated to Schistosoma and five nonassociated). The diagnosis and classification were based on light microscopy examination using the WHO criteria. The SCC had squamous cell differentiation throughout the tumor. The following criteria were used for determining an association with Schistosoma: previous clinical history of bilharziasis, history of previous hematuria not related to the current malignancy, history of anti-schistosomal treatment, presence of schistosomal-related periportal fibrosis in hepatic ultrasound and histological verification of the presence of schistosomal cystitis in the bladder mucosa close to the tumor. To the best of our knowledge, none of the SCC that were placed in the non-Schistosomaassociated category had any association with Schistosoma infection based on our inclusion criteria. IRB approval was obtained for this study.
DNA was extracted from frozen tumor sections 14, 18 by the standard procedure of proteinase K digestion, phenol:chlorophorm extractions and alcohol precipitation. DNA was stored at À201C. About 5 mg of genomic DNA was bisulfite-treated and 100 ng of this modified DNA was used as template in each methylation-specific PCR (MSP) as previously described. 28 The 12 genes tested in this study were selected after careful review of the literature and included E-cadherin, DAP-Kinase, MGMT, p14, p15, p16, Fhit, APC, RASSF1A, GSTP1 and RARb. 22, 23, [29] [30] [31] [32] In addition, we included p73. Table 1 shows the primers used, specific for the methylated (M) and the unmethylated (U) forms, and the PCR conditions. In the analysis of each candidate gene, four types of controls were included to ensure specificity: (1) in vitro methylated DNA, (2) nontreated DNA, (3) appropriate monoclonal cell lines with known methylation status and (4) nontemplate (blank). PCR products were analyzed by electrophoresis in 4% agarose gels stained with ethidium bromide.
Statistical Analyses
We defined a methylation index as the ratio between the number of methylated genes and the number of analyzed genes for each sample. Thus, methylation index ¼ total genes methylated total genes analyzed :
Methylation status of all 12 genes was analyzed in 39 samples. In samples 8 and 12 (from Figure 2) , methylation-specific PCR could be performed in nine and 10 genes, respectively. The average and median methylation indices in different histological subgroups were compared using Mann-Whitney U tests. In order to analyze if there was an association of methylation between different loci we performed two-sided Fisher exact tests. Further coordination of methylation at the loci was analyzed by the MannWhitney U test comparing the status of each gene (M or U) with a methylation index calculated with the remaining genes. The SPSS 11.0 package was used to perform all these statistical analyses.
Results
The 41 bladder cancer samples analyzed consisted of 31 SCC and 10 TCC. Methylation-specific PCRs were used to study the methylation status of 12 candidate genes previously reported to be methylated in solid tumors. We observed that eight genes were frequently methylated in SCCs; DAP-Kinase (58%), FHIT (40%), RARb (30%), E-cadherin, APC, p16 (26%), RASSF1A (26%) and O 6 MGMT (23%). The remaining four genes were rarely methylated; p14 (13%), p15 (10%), p73 (7%) and GSTP1 (3%) (Figure 1 ).
Only two cases (6%) did not show any methylation while 45% demonstrated at least three altered genes. To determine the extent of methylation in each sample, we calculated a methylation index that ranged from 0 to 0.83 with an average of 0.24 (median: 0.17) corresponding to three methylated genes.
In order to analyze the coexistence of methylation in different loci in SCC, we performed statistical analyses. Two-sided Fisher exact tests were used to compare the frequencies of each pair of genes. We identified an association between methylation in DAP-Kinase and in
MGMT was also associated with methylation of DAP-Kinase (P ¼ 0.024), FHIT (P ¼ 0.001) and p16 (P ¼ 0.033). Further coordination of methylation at the 12 loci was analyzed by the Mann-Whitney U test comparing the status of each gene (M or U) with a methylation index calculated with the remaining genes. Three genes, O 6 MGMT, FHIT and APC were more likely to be methylated in samples with higher methylation index (P ¼ 0.002, 0.012 and 0.029, respectively). We clustered the SCC based on the presence of Schistosoma. Tumors associated with the parasite demonstrated higher extent of methylation (median methylation index: 0.25, average methylation index: 0.29) than non-Schistosoma SCC (median methylation index: 0.08, average methylation index: 0.14) and this difference was statistically significant (P ¼ 0.027). Furthermore, non-Schistosoma squamous carcinomas demonstrated a significantly lesser degree of methylation (P ¼ 0.015) with the majority either not methylated or methylated at only one locus (Figure 2 ). The methylator phenotype also appears to be dissimilar. While methylation of DAP-Kinase and RARb were equally distributed between tumors with or without parasite, methylation of FHIT, RASSF1A, E-cadherin, p16, APC and O 6 MGMT tend to be more common in Schistosoma-associated SCC than in nonSchistosoma SCC.
In order to reconfirm the apparent influence of Schistosoma on epigenetic lesions, we analyzed the methylation status of the 12 genes in TCC cases from Egypt. Overall, this histological subtype had a lower extent of methylation (median methylation index: 0.17, corresponding to two of 12 genes) than the SCC. Although the number of TCC samples in this study is small, we again observed a trend for higher methylation index in tumors associated with Schistosoma (median: 0.25) than in nonparasite tumors (median: 0.17).
Discussion
The development of cancer is associated with multiple genetic alterations such as mutations, deletions and amplification that deregulate the expression of several cancer genes. Nevertheless, the epigenetic mechanisms that contribute to gene deregulation, such as histone acetylation and hypermethylation, play an important role in gene silencing of several known genes such as those participating in different cellular processes like cell cycle (p16, p15), DNA repair (BRCA1, MLH1, O 6 MGMT), apoptosis (DAP-Kinase, caspase 8) and drug-detoxification (GSTP1). 20, 21 Epigenetic changes are tumor-specific and therefore, not all the same genes are methylated in all tumor types. Several genes have been shown to be hypermethylated in bladder cancer, the most studied being p16, p14, E-cadherin, APC and RASS-F1A. 22, 23, [29] [30] [31] [32] [33] These studies are based on TCC which is the prevalent histology (490%) in most of the world, including USA, Europe and China, and where bladder cancer ranks fifth. However, the highest frequency of bladder cancer worldwide is observed in Egypt with more than two-thirds of cases diagnosed as SCC. [1] [2] [3] [4] [5] [6] [7] This high incidence is due to endemic infection by Schistosoma hematobium, which contributes to defining a characteristic pathology, that is Schistosoma-associated bladder cancer. We report in this study the pattern and degree of aberrant methylation of multiple genes in primary bladder cancer from Egypt. We included samples from 31 SCC (21 were Schistosoma-associated) and 10 TCC (five of them Schistosoma-associated). In all, 12 candidate genes were chosen based on previous reports of methylation in solid tumors. 34 These included RASSF1A, FHIT, E-cadherin, DAP-Kinase, APC, RARb, p73, p16, p15, p14, O 6 MGMT and GSTP1. The data presented here demonstrates that multiple epigenetic lesions are frequent events in SCC. A total of 94% of samples carried at least one methylated locus and almost half carried three or more altered loci.
We compared our data in SCC with the available data from other bladder cancers, specifically TCC from USA and China. 22, 23 The observed frequency of methylation of DAP-Kinase, p16, p15 and GSTP1 were similar to those reported by Chan et al (2002) . 23 However, we observed a lower frequency of methylation of RARb and E-cadherin as well as a higher frequency of O 6 MGMT than in the Chinese patients with TCC of the bladder. Similarly, we noted some differences (in DAP-Kinase, FHIT, p16, O 6 MGMT and RARb) and similarities (in RASSF1A, APC and GSTP1) with data from Maruyama et al. 22 Therefore, some epigenetic lesions may be very specific for the urothelium, regardless of the histology (RASSF1A, APC, GSTP1), but others may be cell-type dependent (FHIT and O 6 MGMT). It is highly likely that geographic variations in methylation patterns may explain some differences, especially because Egypt is an endemic area for Schistosomiasis. Indeed, methylation was associated with and influenced by the environment in hepatocellular carcinoma. 35 Liver tumors from high-risk areas had higher levels of methylation than tumors arising spontaneously. Our data also support a role for environmental factors (eg Schistosoma) in the pathogenesis of hypermethylation in bladder cancer. Schistosoma-associated SCC demonstrated significantly higher extent of methylation (median methylation index: 0.25) than non-Schistosoma SCC (median methylation index: 0.08) (P ¼ 0.027). To confirm that this is indeed caused by the parasite, we analyzed another histological type, that is, TCC and observed similar results (median methylation index 0.25 and 0.17, for Schistosoma-associated and non-Schistosoma TCC, respectively). The hypothesis that infective agents alter de novo hypermethylation has been proposed. Some examples are adenovirusinduced tumors, Epstein-Barr virus-infected cells and hepatitis B/C-associated liver cancer. 35, 36 It is interesting to note that TCC have about two times more chromosomal aberrations than SCC, 17 while the opposite appears to be the case for epigenetic lesions. It is possible that genetic and epigenetic changes not only contribute to the malignant phenotype, but also that one compensates the other to achieve the threshold of events needed in the process of transformation.
Chan et al 29 have reported frequent methylation of RASSF1A in TCC, especially in cases with loss of heterozygosity in 3p21. In our limited data, we could not find such an association. Similarly, methylation of any of the cyclin-dependent kinase genes appeared to be independent of 9p21 deletion.
During statistical analyses of concomitant methylation in our cohort of samples, we determined that methylation of DAP-Kinase was significantly associated with methylation of RASSF1A (P ¼ 0.043). Since both genes participate in apoptosis it is possible that they have a complementary effect in the suppression of cell death. In all, 74% of tumors had one of these gene inactivated. Other positive associations were found between methylation of O 6 MGMT and methylation of DAP-Kinase, FHIT, p16 and APC, indicating that silencing of O 6 MGMT may be a late event in the pathogenetic process of urothelium transformation. Furthermore, three of these loci (FHIT, APC and O 6 MGMT) were more likely to be methylated concurrently with other genes and therefore, they associated with a higher methylation index (Po0.02).
The differences described between SCC and TCC of the bladder and between Schistosomaassociated cases and non-Schistosoma bladder tumors could reflect different etiologies and/or risk factors and may have relevant clinical implications. A larger study designed to provide correlations of the extent of methylation with clinicopathological characteristics such as age, sex, histological grade, stage, tumor recurrence, progression and survival should provide additional useful information. Environment-epigenetic interactions may be necessary to comprehend fully the complex process of carcinogenesis in the bladder epithelia.
